The C terminus of each protein contains sequences conserved in the apparent catalytic domains of all known PTPases. Disruption ofpyp2+ results in viable cells, as was the case forpypl +, whereas dismuption ofpyp2+ and pypl + results in synthetic lethality. Overexpression of eitherpypl+ orpyp2+ in wild-type strains leads to a delay in mitosis but is suppressed by a weel-50 mutation at 35°C or a cdc2-1w mutation. Apypl disruption suppresses the temperature-sensitive lethality of a cdc25-22 mutation. Our data suggest that pypl+ and pyp2+ act as negative regulators of mitosis upstream of the weel+/lmikl+ pathway.
The structural and functional diversity of protein tyrosine kinases (PTKs) has been a major center of attention for over a decade because of the role of PTKs in oncogenesis, cell proliferation, and cell differentiation (26) . Studies on reversible tyrosine phosphorylation of proteins have suffered, however, from a notable absence of characterized phosphatases specific to tyrosine dephosphorylation (PTPases). In contrast to PTKs, the genes for which were initially captured by avian retroviruses or became available because of the relative abundance of some growth factor receptors, the PTPases required extensive purification because of their low abundance (27) . The sequencing of a purified human placental PTPase termed PTP1B led to a major breakthrough in our understanding of this class of enzymes (4) . They are structurally unrelated to serine/threonine-specific phosphatases and have an extraordinarily high level of activity in vitro. Molecular cloning results to date indicate that the PTPase family may be as diverse as the PTK family (2, 5, 7, 21) . Some members are entirely cytoplasmic in location, whereas others have transmembrane sequences and N-terminal extracellular domains (7, 48, 49) . These proteins may be analogous to receptor tyrosine kinases, with their PTPase activity regulated by extracellular ligands. Therefore, studies of this gene family are likely to be as rewarding as studies of PTKs.
A key regulator of the eukaryotic cell cycle is p34cdc2 (for a review, see reference 35), a serine/threonine-specific protein kinase. The Schizosaccharomyces pombe homolog p34cdc2, encoded by the cdc2+ gene (24) , responsible for the G1JS and G2/M phase transition, is regulated in its activity throughout the cell cycle by phosphorylation (33, 47) , in particular of a tyrosine residue within the ATP-binding site (18) . At enous substrates such as histone Hi. Although the PTK that phosphorylates p34cdc2 has not been unambiguously identified, the weel+ gene product, p107, which negatively regulates p34Cd2 activity, is a strong candidate in S. pombe (12, 39, 43) . More recent data indicate that the weel+ gene product, along with that of a newly identified gene, mikl+, cooperates in the tyrosine phosphorylation of p34cdc2 (30) . Genetic data indicate that p107Wee' is negatively regulated by the protein kinase encoded by cdrl+ (niml+) (13, 42) . The product of cdc25+, p80''dc2, is required for activation of p34cdc2 (41) and is believed to oppose the weel+/mikl+ pathway. Although its sequence shows only weak similarity to the known PTPases (34) , it has been recently reported to have PTPase activity (8, 16, 29, 32) .
We have previously identified an S. pombe gene, pypl, that encodes a protein with structural and functional features of a PTPase (38) . The product of pypl + is not required for viability of haploid cells, suggesting there may be genes with complementary functions resulting in cell viability in the absence ofpypl +. In Saccharomyces cerevisiae, two genes encoding PTPases have also recently been identified (20, 37) . In this report, we describe a second gene, pyp2+, with the potential to express a PTPase-like protein and show that the disruption of both pypl + and pyp2+ genes results in synthetic lethality. Our unpublished data also show that the pypl and pyp2 proteins produced in bacteria have the capacity to dephosphorylate tyrosine-containing peptides. In addition, genetic data and overexpression studies indicate that these two genes act as negative regulators of mitosis.
MATERIA1S AND METHODS
Isolation of pyp2+ cDNA clone. Oligonucleotide synthesis and polymerase chain reactions (PCR) were performed as previously described (38) . A total of 20,000 colonies of an S. pombe cDNA library (50) were screened by using a 300-bp pyp2+ probe labeled with [a-32P]dCrP to 5 x 108 cpm/,g by the random-priming technique (14) . The filters were hybridized overnight at 65°C in 1% NaCl to 1% sodium dodecyl sulfate (SDS) and washed twice at 65°C in 0.2x SSC (lx (31) . To eliminate the initiator methionine provided by the NdeI restriction site of the pREP-1 polylinker, the vector was linearized with NdeI, the ends were filled in with Klenow DNA polymerase, BglII linkers were attached and digested, and the vector was circularized with T4 DNA ligase. S. pombe strains were transformed with these plasmids and selected for leucine prototrophy. Transformed cells were inoculated at 25 or 35°C in EMM containing thiamine (20 p,M), grown to late log phase, washed twice with sterile H20, and diluted into thiamine-free medium.
Genetic analysis of pypl+ and pyp2+. Strains containing either a pypl or pyp2 disrupted gene were crossed to the strains listed in Table 3 , using standard genetic procedures (22) . For each cross, at least 10 tetrads were dissected and the phenotype of the progeny was determined. Cells were inoculated into liquid YEA medium at 25 and 35°C and grown to mid-log phase, and the length of cells displaying a complete septum was measured by using a phase-contrast microscope (Olympus) with an eyepiece micrometer; 24 to 36 cells from each strain were measured at both temperatures.
Nucleotide sequence accession number. The sequence reported in this paper has been deposited in the GenBank data base (accession number X59599).
RESULTS
Cloning and sequence of the S. pombe pyp2' gene. The DNA and protein sequences of all known PTPases were analyzed to identify consensus regions to which degenerate oligonucleotides could be synthesized. Using appropriately designed primers (38) regions of the cDNA insert yields the same lengths as from the pyp2+ cDNA (data not shown). In addition, Northern blot analysis of S. pombe RNA with use of a full-length pyp2+ probe reveals a single transcript of about 3.1 kb (Fig. 2), consistent with the observed size of the cDNA insert. Therefore, we conclude that the cDNA clone accurately reflects an authentic mRNA.
Homology between pyp2 and PTPases. The pyp2+ sequence predicts a protein of 711 amino acids. The carboxy terminus of the protein bears striking homology to the conserved (and presumed catalytic) domain of all known PTPases, whereas the amino terminus is unrelated to any protein sequences found in current data banks. There are no extended hydrophobic regions compatible with transmembrane structures. The predicted pypl and pyp2 amino acid sequences are particularly similar to one another at the carboxyl terminus (Fig. 3) . Over the lengths of the entire proteins, the two yeast PTPases are 34% identical and 56% similar. A sequence alignment of pypl, pyp2, and human PTP1B (Fig. 3) indicates a strong sequence similarity between the putative catalytic domains of pypl and pyp2 and the human PTP1B sequence. pypl and pyp2 protein sequences terminate immediately after the putative catalytic domain. In human leukocyte common antigen-related protein Dl (48), human PTP1B (5) , and human T-cell phosphatase (7) 
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LSYWKPFLVN PVAMVLT AICYRFLFN S. amino acids, whereas many members of the cdc25 family, such as the products of human cdc25 (44), the Drosophila homolog, string (9), and S. pombe cdc25+ (41), share a short C-terminal region following the catalytic domain. It was recently shown (15) that the C-terminal region of the human PTPase family contains a stretch of amino acids similar to a cyclin B sequence that may be important for full PTPase activity. This sequence is absent in pypl and pyp2.
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In vivo gene disruption ofpyp2+. To determine whether or notpyp2+ is essential for cell viability, we constructed a null allele by the one-step gene disruption method (40) . A 0.9-kb EcoRV fragment containing most of the putative catalytic domain ofpyp2+ was excised and replaced by the S. pombe ura4+ gene (1, 19) , creating plasmid ppyp2::ura4+.
We transformed the haploid S. pombe strain FWP172 with a BalI fragment of plasmid ppyp2::ura4+. Transformants were screened for a stable Ura+ phenotype; DNA from strain SOP11 was subjected to Southern hybridization analysis using a pyp2+-specific probe (Fig. 4) and a ura4+-specific probe (data not shown) and shown to contain apyp2 disrupted gene. Cells with the disrupted allele of pyp2+ showed no significant alteration in morphology or cell length compared with wild-type cells. Therefore, thepyp2+ gene is not essential for S. pombe growth, and the disruption does not cause advancement of mitosis, as observed for the pypl disruption (see Table 3 ).
Poly(A)+ RNA was isolated from wild-type strain 972 and strain SOP11 to determine whether a partial pyp2+ gene product is synthesized in cells carrying the pyp2 disruption. Northern blots were hybridized with a pyp2+ fragment and with a fragment of the ura4+ gene. With use of the pyp2' probe, a 3.1-kb band was detected in RNA from wild-type cells, and a 0.85-kb mRNA was identified with the ura4+ gene. Northern analysis of RNA from SOP11 cells containing the disrupted pyp2 gene detected no 3.1-kb mRNA, but bands of 2.0 and about 0.85 kb were identified with the pyp2' and ura4+ probes, respectively (Fig. 2) . These data indicate that no functionalpyp2+ product could be produced in SOP11.
pypl pyp2 double mutants are lethal. Since pypl+ and pyp2' are nonessential genes for S. pombe growth, we investigated the phenotype of a double mutant strain. Strains SOP14 and SOP11, carrying disrupted alleles of pypl+ and pyp2+, respectively, were crossed, and 122 tetrads were dissected (Table 2) . Fifty-eight tetrads resulted in four viable spores, all displaying the Ura+ phenotype, and they can therefore be classified as spores from a parental ditype tetrad. We did not observe tetrads with four viable spores and a 3:1 Ura+/Ura-segregation. Thirty-six tetrads resulted in three viable spores with a 2:1 segregation of Ura+ to Uraprogeny. DNA from 30 colonies derived from 10 tetrads of this type was subjected to Southern hybridization analysis using the pypl+ and pyp2+ probes. In each case, we confirmed that cells derived from the Ura+ progeny carried a single pypl or pyp2 disruption, whereas cells from the Ura-progeny carried both wild-type alleles. It is therefore likely that the spores that result in nonviable cells contain both disruptedpyp genes, suggesting that a double mutant is lethal.
To determine the phenotype of the double mutants, we analyzed microscopically the spores that derived from asci that yielded three viable spores with a 2:1 Ura+/Urasegregation. Spores with the presumed double disruption that germinated underwent a few cell divisions and resulted in very small cells, suggesting premature mitosis. Because of this behavior, the double-mutant phenotype cannot be further analyzed at this time. It should be noted, however, that this phenotype is similar to a deletion of the mitotic inhibitor weel +Imikl , which yields very small cells and is lethal (30) .
Genomic mapping of pypl+ and pyp2+. The fact that 74 tetrads were parental ditypes suggests that the two PTPase genes are linked. Therefore, to analyze their genomic localization and possible linkage, we performed pulsed-field gel electrophoresis of NotI-digested S. pombe chromosomal DNA. According to Fan et al. (10) , a complete NotI digest of S. pombe chromosomal DNA results in 17 fragments. pyplJ-and pyp2+-specific probes hybridized to the same DNA fragment of about 530 kb, presumably localized at the tip of the right arm of chromosome I (data not shown). The fact that the two pyp-specific probes hybridize to the same Notl fragment supports our assumption that these two genes are linked.
Overexpression of pypl+ and pyp2' delays mitosis. To determine the role of pypl+ and pyp2+ in regulation of the cell cycle, pypl+ and pyp2+ were expressed under the control of the nmt promoter (31) either in a wild-type strain or in strains with mutations involved in cell cycle regulation (cdc25-22, weel-SO, cdc2-1w, cdc2-3w, and cdc2-33). The overexpression of either pypl+ or pyp2+ led to significant cell elongation in a wild-type background and to cell division VOL. 12, 1992 on arrest in a cdc25-22 strain at both the permissive and nonpermissive temperatures (Fig. 5) . This result suggests that neither the pypl norpyp2 gene product can substitute for the S. pombe cdc25+ gene product as described for the human T-cell phosphatase (17) . Therefore, neither pypl or pyp2 protein appears to have the capacity to dephosphorylate p34cdc2 as is the case for human T-cell phosphatase and the cdc25 gene product.
The overexpression of eitherpypl+ or pyp2+ led to cell elongation in all strains tested except a cdc2-1w strain, in which we found only modest increases in cell length. This strain carries a gain-of-function mutation in the cdc2+ gene that is relatively insensitive to overexpression of weel + (43) .
In contrast, the overexpression of pypl+ and pyp2+ in a cdc2-3w strain carrying another gain-of-function mutation that is sensitive to weel+ overexpression (43) led to elongated cells. Thus, cdc2 mutations that respond to weel+ respond to pypl + and pyp2+.
In wild-type cells, the overexpression of weel + leads to the inhibition of cell division (43) . To study the potential interaction of the weel+ gene product withpypl+ orpyp2+, either pypl+ or pyp2+ was overexpressed in a weel-SO strain. Expression of eitherpypl+ orpyp2+ in weel-50 cells in thiamine-free medium at 25°C led to cell elongation. This delay in mitosis was suppressed when cells were incubated at 35°C before induction (Fig. 6) , which demonstrated that pyplJ andpyp2+ require a functional weel+ gene product in order to inhibit mitosis. It is therefore likely that pypl + and pyp2+ act as negative regulators of mitosis upstream of weel +.
A pypl disruption, but not a pyp2 disruption, suppresses a cdc25 temperature-sensitive mutation. These data suggested that pypl + and pyp2+ act as negative regulators of mitosis upstream of weel +. Moreover, we have noted that a pypl disruption leads to a reduction in the length of wild-type cells (Table 3) , a semi-wee phenotype. We therefore determined the potential ofpypl andpyp2 deletion mutants to influence strains with other cell cycle mutations. pypl-and pyp2-disrupted strains were crossed to strains with mutations involved in cell cycle regulation (Table 3) . If pypl+ and pyp2+ act upstream of weel + as suggested by the overexpression data, mutations in cdc2 should be unresponsive to their disruptions. The data in Table 3 show thatpypl orpyp2 disruption does not alter the phenotype of a cdc2-33 strain at 35°C and that neither a cdc2w-3w nor a cdc2-lw strain showed a detectable change in phenotype upon pyp disruption. A cdc2-3w mutation is, however, lethal in a weel-50 strain, in which the double mutant enters mitosis at 35°C prematurely and undergoes "mitotic catastrophe" (43) . In contrast, the disruption of either pypl+ or pyp2+ in a weel-50 background resulted in a wee or semi-wee phenotype at 25 or 35°C.
Thepypl disruption rescued cdc25-22 at 35°C (Table 3 and Fig. 7 ) and thus is similar in phenotype to the loss of weel + function (11) . A pyp2 disruption did not rescue a cdc25-22 mutation at 35°C, however, and the cell length reduction at Transformed cells were grown in EMM containing thiamine (20 ,uM) half, but we have not detected any significant similarity of the N-terminal regions of the yeast proteins and potential mammalian homologs in our data base searches. Our previous experiments usingp-nitrophenyl phosphate (a tyrosine homolog) as a substrate failed to show phosphatase activity associated with the pypl or pyp2 protein; however, recently we have obtained evidence that the glutathione S-transferase fusion proteins of pypl and pyp2 purified from bacteria dephosphorylate phosphotyrosine-labeled peptide substrates and thus may serve as PTPases in vivo (22a).
The relatively weak conservation (41% identity) of these PTPase-like proteins is in sharp contrast to the strong homologies between the type 1 (PP1) and type 2A (PP2A) serine/threonine-specific protein phosphatases, whose sequences are highly conserved. In S. pombe, each class of serine/threonine enzymes is encoded by two genes. The two classes of serine/threonine-specific phosphatases (PP1 and PP2A) do not have complementary functions in S. pombe. A type 1 phosphatase is encoded by dis2 and participates in chromosome disjoining, and mutants of the gene fail to exit mitosis. The type 2A phosphatases are also required at some other, as yet unidentified point in the cell cycle (28, 36) . The two PP1 gene products are approximately 80% identical, as are the two PP2A gene products, and the yeast PP1 and PP2A proteins are also highly similar to their mammalian homologs. Thus, the pypl and pyp2 proteins are more highly divergent than are the serine/threonine phosphatases.
Although apypl disruption has no impact on cell viability, it leads to an advancement in mitosis, a semi-wee phenotype. After sporulation of diploid cells carrying single disruptions ofpypl + andpyp2+, we have failed to detect spores that resulted in viable haploid cells with disruptions in both genes. These results suggest that only one functional gene is required for viability and that the products of pypl + and pyp2+ evidently participate in similar biochemical pathways in S. pombe, despite their distinct structures. We tried to determine the phenotype of a pypl pyp2 double mutant microscopically. Spores with the presumed double mutation that germinated underwent a few cell divisions and yielded very small cells. Because of this unconditional phenotype, no additional characterization of the double mutant has been possible. It is possible that another class of PTPases or cdc25+-related genes is expressed in S. pombe, but any other gene products must have substrate specificities different from those of pypl and pyp2. A search for genes similar in sequence to pypl + and pyp2+ with techniques such as low-stringency screening of Southern blots and genomic libraries remains to be completed. In this regard, it may be relevant that the S. cerevisiae PTPases recently cloned (20, 37) are only distantly related to the pypl+ and pyp2+ products.
The overexpression ofpypl + orpyp2+ leads to a delay of mitosis in all strains tested with the exception of cdc2-lw, a phenotype similar to that reported for overexpression of the negative regulators of mitosis, weel+ (43) and mikl+ (30) . These data suggest that pypl + and pyp2+ may also act as negative regulators of mitosis in a dose-dependent manner, as do weel + and mikl . We therefore investigated pypl + and pyp2+ overexpression in a weel-50 background. At the permissive temperature, weel-SO cells overexpressing either pyplJ or pyp2+ elongate, but this phenotype is suppressed at 35°C. These data indicate that both pypl + and pyp2+ require weel + function to arrest the cell cycle and that they act upstream of the weel+/mikl+ step. The fact that the semilethal effect of overexpressed pypl+ and pyp2+ is largely suppressed in a strain carrying cdc2-lw, a mutation that is insensitive to weel+ regulation, further supports the idea that weel + mediates pypl and pyp2 function.
These experiments further show that a pypl disruption suppresses the lethality of a cdc25-22 mutation at 35°C, as was described for a weel disruption (11); however, a cdc25-22 mutation at 35°C is not suppressed by a pyp2 deletion. Thus, in this genetic background, pypl and pyp2 disruptions have a suppressor capacity analogous to that described for weel+ and mikl+. A cdc25-22 mutation is rescued by a weel deletion at 35°C but not by a mikli disruption (30) . Taken together, these data suggest a model outlined in Fig. 8 , whereby the pypl and pyp2 proteins may activate negative regulators of mitosis, such as the weel + product, or inhibit the inducer of mitosis, cdrl+ (niml+). Our genetic data cannot distinguish between these two possibilities and require further investigation of the pathways regulating weel +Imikl + activity.
